The management of sepsis in the patient with pulmonary arterial hypertension (PAH) is dependent on 2 primary principles: 1) optimizing right ventricular (RV) function, and 2) reducing pulmonary vascular resistance. In this review, we will discuss the major challenges that health care providers face in trying to achieve these goals. We will start with an overview of normal RV function and modulators of pulmonary vascular tone. A general approach to managing RV failure and hemodynamic instability will be provided, along with a discussion of how modern therapies for the treatment of PAH can best be used in the setting of sepsis.
The management of sepsis in the patient with pulmonary arterial hypertension (PAH) is dependent on 2 primary principles: 1) optimizing right ventricular (RV) function, and 2) reducing pulmonary vascular resistance. In this review, we will discuss the major challenges that health care providers face in trying to achieve these goals. We will start with an overview of normal RV function and modulators of pulmonary vascular tone. A general approach to managing RV failure and hemodynamic instability will be provided, along with a discussion of how modern therapies for the treatment of PAH can best be used in the setting of sepsis.
The inflammatory response to sepsis results in increased vascular permeability and vasodilation, leading to decreased intravascular volume and a fall in systemic vascular resistance (SVR) that must be compensated for by an increase in cardiac output (CO). Unfortunately for patients who suffer from pulmonary arterial hypertension (PAH), the ability to acutely increase CO may be severely limited, and significant pulmonary hypertension (PH) in the setting of acute illness can lead to rapid deterioration of right ventricular (RV) function, hemodynamic instability, and death. As a result, the management of critically ill PAH patients can be extremely challenging. As a group, these patients have a poor prognosis, with intensive care unit (ICU) mortality rates between 30% and 41%. [1] [2] [3] Whereas a considerable number of studies have examined left ventricular (LV) and systemic circulatory responses to sepsis, [4] [5] [6] relatively little attention has been directed at the RV and pulmonary circulation. This is unfortunate because the pulmonary and systemic circulations are connected in series, and despite its smaller size, nearly the entire circulation must pass through the right heart and pulmonary vasculature before it reaches the systemic circulation.
Normally, vascular resistance in the lungs is low and the pulmonary circulation is able to accommodate large increases in CO by recruiting unused or underperfused vessels. As a result, impairment of pulmonary blood flow or RV function rarely limits CO and oxygen delivery (DO 2 ) to peripheral tissues. However, when pulmonary vascular resistance (PVR) is high, as occurs in patients with PAH, pulmonary blood flow and RV function may become the primary determinants of adequate circulation.
THE NORMAL PULMONARY CIRCULATION AND RV
Although the CO generated by the RV and LV is essentially the same, the vascular bed they pump it through is considerably different. In the healthy adult, PVR is remarkably low, considering the drop in pressure across the pulmonary circulation [mPAP (15 mm Hg) -PCWP (8 mm Hg) ϭ 7 mm Hg, where mPAP ϭ mean pulmonary artery pressure and PCWP ϭ pulmonary capillary wedge pressure] is less than a tenth of that across the systemic circulation [MAP (90 mm Hg) -CVP (5 mm Hg) ϭ 85 mm Hg, where MAP ϭ mean systemic arterial pressure and CVP ϭ central venous pressure. Despite a rise in CO during heavy exertion that may be 4-fold above baseline, PAP increases minimally and PVR falls. In the systemic circulation, increased CO during exercise is associated with an increase in MAP. The difference between the 2 circulations is the relatively low degree of vascular motor tone in the proximal pulmonary vascular bed, and the ability of the lung to recruit partially collapsed or unused vessels as CO increases. In the systemic circulation, muscularized resistor vessels allow for marked alterations in SVR via sympathetic stimulation or the release of endogenous catecholamines or vasodilators such as nitric oxide (NO) and prostaglandins. A variety of vasoactive drugs can also be used to sharply increase or decrease systemic vascular tone. In contrast, the pulmonary circulation has relatively low vascular tone, making it difficult to acutely increase or decrease PVR.
During fetal life, PVR is higher in the uninflated lung than it is in adult life, and the elevated pressure helps direct right-sided blood flow across the foramen ovale and into the left atrium. After birth, lung inflation reduces PVR considerably, and blood from the RV is redirected to the low resistance of the pulmonary circulation. During normal development, the ventricles take on distinct structural characteristics designed to compensate for the marked differences in afterload they work against. The unique structural and functional characteristics of the RV and LV result in different responses to afterload and preload.
The LV has a thick muscular wall and global shape. High systolic pressures are achieved by circumferential contraction, resulting in the lateral free wall and interventricular septum (IVS) moving toward each other. In contrast, the RV is a crescent-shaped chamber formed by a thin, triangular-shaped piece of myocardial tissue wrapped around the IVS (Figure 1 ). At end diastole, the normal RV free wall is only 2 to 3 mm in thickness, compared to 8 to 11 mm in the LV. 7 The CO from the RV is achieved by longitudinal contraction of the apex up toward the lateral leaflet of the tricuspid valve in a peristaltic pattern. Dilatation of the outflow region causes an initial expansion of the pulmonary artery (PA), thereby increasing its compliance and priming it to receive the RV stroke volume. The high compliance of the proximal PA facilitates RV output. In fact, blood has been observed to flow from the RV into the proximal PA even during diastole. 8 Its high compliance allows the RV to accommodate large increases in venous return, with only a small increase in RV end-diastolic pressure (RVEDP) or stroke work (Figure 2A ). 9-11 RV output is well preserved over a range of volumes until dilatation of the ventricle is limited by the IVS septum and pericardium. 12 At that point, further increases in RV filling pressure overdistend myocardial fibers, increasing RV stroke work and decreasing CO. 13, 14 The structural properties of the RV that allow it to accommodate large increases in preload make it highly sensitive to increases in afterload. Its smaller muscle mass and peristaltic contraction is poorly suited to increasing pressure when PVR is acutely increased. In healthy animals, RV stroke volume and output decline dramatically as resistance is increased by constricting the main PA ( Figure 2B ). In contrast, the LV tolerates increased afterload fairly well, but is sensitive to increases in preload (Figures 2A-2B) .
The RV is also more affected by changes in intrathoracic pressure than the LV. Deep inhalation increases RV transmural filling pressure because intrathoracic pressure falls while systemic venous pressure is unaffected. Conversely, even a small rise in intrathoracic pressure, as occurs during positivepressure ventilation, can substantially reduce RV filling pressure. Normally, the fall in RV filling caused by increased intrathoracic pressure is compensated for by increasing systemic venous tone and elevating CVP, but this can be difficult to achieve in patients with sepsis because of decreases in vascular tone and intravascular volume and because of the use of sedatives and analgesics.
The RV and LV share a common septum, and changes in pressures of one ventricle can be transmitted across the septum and affect the compliance of the other ventricle. Normally, LV end- diastolic pressure (LVEDP) is greater than RVEDP, allowing the IVS to move toward the RV during diastole. This motion allows for maximal chamber enlargement in the concentric LV. However, as RVEDP exceeds LVEDP, the IVS can move paradoxically toward the LV lumen during diastole. This is best seen on 2-dimensional echocardiography as a flattening of the normal concave shape of the septum or a bowing of the septum toward the LV ( Figure 3 ). As the IVS shifts toward the LV, compliance decreases and LVEDP rises resulting in decreasing LV output. The ability of RV filling pressures to affect LV filling pressure via the IVS is referred to as ventricular interdependence, and represents one of the greatest challenges to fluid management in septic patients with PAH. The lungs normally contain only about a tenth of the total intravascular volume, or approximately 500 mL in an average-sized adult, 15 and LV filling is largely dependent on blood flow through the lungs determined by RV output. Intravascular volume expansion must improve RV output enough to increase transpulmonary blood flow and increase blood return to the LV. If not, the increase in RVEDP transmitted through the IVS will decrease LV transmural filling pressure and can impede CO.
APPROACH TO MANAGEMENT OF THE PAH PATIENT WITH SEPSIS
The key to managing sepsis is to maintain adequate tissue perfusion until its cause can be eradicated. This is normally achieved by expanding intravascular volume and maintaining the increase in CO that sepsis demands. As mentioned earlier, for the patient with PAH, achieving these goals centers on maximizing RV function while reducing PVR. These 2 goals are closely interrelated. Maximizing RV function requires optimizing RV preload, improving RV contractility, and reducing RV afterload. The latter, of course, is achieved primarily by reducing PVR. In general, the pulmonary vascular disease of PAH is relatively fixed, and acute reduction in PVR is difficult. Management, therefore, is usually directed at optimizing RV function and making sure that PVR does not increase in response to metabolic derangements caused by sepsis or vasoactive medications administered during resuscitation.
RV Preload
Proper fluid management is critical for successful management of the septic patient with PAH. In the early phase of sepsis, CVP is reduced due to a fall in intravascular volume from increased vascular permeability and a decrease in venous vascular tone. Adequate rightsided filling pressure is essential in maintaining CO in patients with acute RV failure. 16 Therefore, volume resuscitation should be initiated if low intravascular volume is suspected. However, RV preload requirements differ substantially based on whether RV afterload is normal or increased. When RV failure occurs in the setting of normal PVR, RVEDP often needs to be increased above normal levels to maintain CO. However, when RV failure occurs in the setting of increased RV afterload, as occurs in the septic patient with PAH, volume loading can result in displacement of the IVS toward the LV and impair LV diastolic filling. In this setting, intravascular volume may need to be decreased.
Initial attempts at volume reduction may have little effect, because the RV has a relatively flat pressure volume curve, meaning there is less of a change in RV contractility over a wide range of filling pressures. Hence, a considerable amount of volume unloading may be necessary before any improvement in RV function is seen. At the same time, care must be exercised not to allow RV preload to become too low, because RV output is particularly dependent on adequate RV filling when RV afterload is high. In general, RV filling pressures should be kept moderately elevated in the 8 to 12 mm Hg range. The use of positive-pressure ventilation should be avoided if at all possible as it has a marked effect on reducing right-sided filling pressures.
Measurement of RV filling pressure can be challenging in the critically ill patient with PAH. A central venous line can measure CVP and provides access to superior vena cava oxygen saturation (SvO 2 ) that can help assess oxygen delivery. Normal SvO 2 is 70% to 80%, and lower values in the setting of normal arterial oxygenation can be suggestive of reduced CO. If RV preload is too high, reductions in CVP via diuresis or dialysis should be accompanied by improvement in CO as assessed by SvO 2 or systemic organ perfusion. Echocardiography may also be helpful. Evidence of RV dilation and impingement on LV filling suggest that further reduction in preload may be necessary. Ultrasound assessment of inferior vena caval filling can also be used to assess RV preload. If these assessments of RV function are inadequate, placement of a PA catheter may be necessary. Although the routine use of a PA catheter has not been found to improve outcome in the management of severe sepsis 17, 18 and has not been well studied in the management of acute RV failure, 19 there are times when measurement of pulmonary hemodynamics may be helpful in guiding clinical decision making. In our practice, we do not typically place Swan-Ganz-style catheters for continuous monitoring of RVEDP, CO, or PAP in septic patients with PAH, but do not hesitate to catheterize patients when we are uncertain of their filling pressures or afterload.
RV Contractility
RV function becomes critically important to the maintenance of adequate CO in the patient with PAH and sepsis. RV failure can occur because of insufficient or excess preload or an increase in afterload from worsening PH. But even when these factors have been corrected, RV function can be reduced from baseline due to a fall in myocardial contractility. Reduced RV contractility occurs due to 3 interrelated factors: 1) derangements in cellular metabolism leading to decreased myocardial contractile forces, 2) insufficient oxygen delivery due to decreased coronary arterial perfusion, and 3) overstretching of the RV free wall placing the myocytes at a mechanical disadvantage.
A variety of metabolic derangements including acid/base disturbances, generation of reactive oxygen species, and inflammatory cytokines impair oxygen utilization and contribute to decreased RV contractility. 20, 21 These derangements should be minimized whenever possible, but are often difficult to correct in patients with sepsis.
Insufficient coronary artery perfusion is often the most important contributor to decreased RV function. Increases in RV preload and/or afterload increase RV free wall tension and oxygen demand while impeding LV filling. This results in reduced LV output that in turn can decrease coronary artery pressure. Perfusion of the RV free wall is determined by the difference in RV free wall tension and coronary artery pressure. 22 Normally, coronary artery pressure is greater than RV pressure throughout the cardiac cycle, and the RV receives blood from the coronary arteries during systole and diastole. As RV systolic pressure approaches systemic levels in advanced cases of PAH, coronary perfusion of the RV decreases during systole (Figure 4) . 23 The lack of RV perfusion in patients with PAH is only made worse in the setting of systemic hypotension that may occur during sepsis. In this situation, it becomes critical to keep systemic arterial pressure at least as high as RV systolic pressure. 24, 25 Excessive fluid resuscitation can increase RV size and free wall tension without improving systemic arterial pressure and can actually decrease RV perfusion. 26, 27 Drugs that increase myocardial contractility should be held until this first goal is achieved, because they increase RV oxygen demand and can worsen RV ischemia if systemic arterial pressure is not increased.
Vasopressors
Several vasoactive drugs have been used to manage PAH patients with sepsis ( Table 1 ). The ideal agent should increase systemic arterial pressure and RV contractility without raising PVR. In theory, such an agent would have ␤ 1 activity to enhance cardiac contractility and selective activity for systemic vascular ␣ 1 receptors to increase blood pressure and RV perfusion. Norepinephrine primarily targets the ␣ 1 receptor, causing vasoconstriction with limited cardiac inotropy. 28 However, the ␤ 1 effects on contractility have been shown to improve PA/RV coupling in animal models of RV dysfunction. [29] [30] [31] In a small study of septic patients with right heart failure, norepinephrine use was associated with improved RV myocardial oxygen delivery due to an increase in SVR, but PVR increased and no change was seen in RV ejection fraction. 32 Phenylephrine is a pure ␣ 1 receptor agonist that augments right coronary artery perfusion, but also increases PVR and does not improve RV contractility. 30, 33 Reflex bradycardia can also result in decreased CO. Epinephrine is a mixed ␣/␤ receptor agonist that can induce vasoconstriction and increase inotropy. In one animal study, it improved CO without increasing PVR, and in a small study of patients with septic shock was found to increase RV contractility. 34 Vasopressin increases SVR by activating V1 receptors on vascular smooth muscle cells. 28 At lower doses (eg, 0.01-0.03 U/min) it causes pulmonary vasodilatation via stimulation of endothelial NO, but at higher doses it increases responsiveness to catecholamines and causes pulmonary and coronary artery vasoconstriction. 16, [34] [35] [36] Taken together, norepinephrine is a reasonable agent in hypotensive patients with acute RV failure.
Inotropes
Low-dose dopamine is a reasonable option to improve RV contractility in patients with RV failure. Dopamine has dose-dependent effects on various receptors, activating dopaminergic receptors at low doses (Ͻ5 g kg ), dopamine increases CO without worsening PVR. 37, 38 Dobutamine is another inotrope that acts via ␤ 1 receptor stimulation, but may also cause vasodilatation due to ␤ 2 effects. At low doses (5 to 10 g kg Ϫ1 min
Ϫ1
), dobutamine improves PA/RV coupling in animal studies and improves myocardial contractility and PVR in patients with left heart failure. 29, 39 Dobutamine has been shown to improve hemodynamics in patients with PH at liver transplantation and after RV infarction. 40 Higher doses should be avoided because of the risk of ␤ 2 -mediated vasodilatation and hypotension.
Milrinone, a selective phosphodiesterase type 3 (PDE3) inhibitor that slows intracellular cAMP metabolism, is an appealing agent for use in pulmonary vascular disease because it can improve inotropy and pulmonary vasodilatation. 28, 41 Milrinone is frequently the agent of choice in patients with PH from biventricular failure, and in those recovering postventricular assist or following cardiac transplantation. Several small studies have also examined the use of inhaled milrinone in patients with pulmonary vascular disease to avoid systemic hypotension. 42, 43 The use of inotropes to improve RV contractility increases the risk of tachyarrhythmias, and their use in sepsis has been controversial. At the same time, it is important to avoid increasing CO above normal levels because this can increase PAP and thereby increase RV workload. In general, they should not be used in PAH patients with sepsis unless there is evidence of inadequate oxygen delivery despite the correction of abnormalities in RV preload, afterload, and ischemia. Calcium sensitizers such as levosimendan enhance myocardial contractility without increasing cytosolic calcium and thereby have less effect on increasing oxygen demand. Clinical trials have shown improvement in RV systolic and diastolic function in patients with left heart failure, and recent reports describe improved RV function in RV failure associated with chronic thromboembolic PH and heart transplantation. 44 These agents may be another option for improving RV contractility in PAH patients with sepsis. 
Pulmonary Vascular Resistance
For most patients with PAH, the majority of the increase in PVR is caused by fixed remodeling of the pulmonary vascular bed. Thus, it can be difficult if not impossible to acutely reduce PVR. However, most patients with PAH have increased muscularization of proximal pulmonary vessels, and some are capable of a heightened pulmonary vasoconstrictive response. Therefore, it is imperative to avoid any factors that can increase pulmonary vascular tone while at the same time attempting to administer maximal pulmonary vasodilator therapy. A number of factors can contribute to increased PVR during sepsis. Hypoxic pulmonary vasoconstriction can occur in response to decreases in alveolar oxygen tension (P A O 2 ) or decreased oxygen in pulmonary arterial or bronchial arterial blood, and is enhanced by hypercapnea or acidemia ( Figure 5 ). 45 The pulmonary vasoconstrictive response is greater when P A O 2 falls than when pulmonary artery oxygen saturation falls, but for any degree of alveolar hypoxia, hypoxic pulmonary vasoconstriction is greater in the presence of decreased pulmonary artery oxygen. Adequate systemic arterial oxygen saturation (SaO 2 ) routinely monitored by pulse oximetry in the ICU effectively excludes alveolar hypoxia, but is not a reliable indicator of pulmonary arterial oxygenation.
Lung volume also affects PVR. Overdistension of alveolar vessels at high lung volume increases PVR, as does the collapse of extra-alveolar pulmonary vessels at low lung volume. PVR is lowest at functional residual capacity (FRC), and this should be kept in mind in septic patients with PAH who require mechanical ventilation. Although, as mentioned earlier, the use of positivepressure ventilation should be avoided if possible.
Several vasoactive factors that have been implicated in the pathogenesis of PAH such as endothelin and thromboxane are elevated during sepsis and have been shown to correlate inversely with CO. 46 Other mediators of PH such as serotonin and interleukin-6 are also upregulated in sepsis and the acute respiratory distress syndrome (ARDS). 47, 48 Endotoxin can suppress NO synthesis and has been shown to increase PVR in sepsis. 49, 50 Finally, just as disseminated intravascular coagulation can impede perfusion in the systemic circulation, sepsis can cause thrombosis in situ in the pulmonary circulation and raise PVR. 51 Prior to the use of pulmonary vasodilators, every attempt should be made to lower PVR by reversing any of the above factors that are known to increase pulmonary vascular tone. Alveolar hypoxia and hypoxemia should be corrected as much as possible, and hypercapnea and acidemia reversed. Ideally, SaO 2 should be raised to 92% or greater and pCO 2 and pH should be kept as close to normal as possible.
Several classes of drugs that target cellular pathways that are abnormally regulated in PAH have been developed over the last 2 decades (Table 2 ). These drugs have been shown to improve functional capacity and reduce PVR in patients with PAH, but their ability to improve pulmonary hemodynamics in PAH patients with sepsis has not been studied. Despite the lack of clinical evidence showing efficacy in this situation, it is reasonable to use these drugs in PAH patients with sepsis in an attempt to lower PVR and improve CO. It should be remembered, however, that in addition to their pulmonary vasorelaxant properties, most of these drugs have significant effects on the systemic circulation and are capable of causing hypotension. Furthermore, pulmonary vasodilators can worsen gas exchange by blunting hypoxic pulmonary vasoconstriction and impairing ventilation perfusion (V/Q) matching. 52 By virtue of their route of administration, inhaled agents have the most selective effect on the pulmonary circulation. Inhaled NO (iNO) is a potent pulmonary vasodilator with a rapid onset of action and an extremely short halflife, making it an ideal agent for unloading the RV in the septic patient. Furthermore, its greater effect in wellventilated lungs prevents the increase in A-a gradient that can occur with pulmonary vasodilators administered via oral or intravenous routes. Also, in some patients, iNO can improve oxygenation by reducing intrapulmonary shunt. Although the use of iNO in PAH patients with sepsis has not been studied, it has been shown to improve RV ejection fraction and end-diastolic volume in patients with ARDS 53 and improve pulmonary hemodynamics in patients with acute RV failure. 54 Three prostacyclin derivatives are currently available for treatment of PAH in the United States, and all can be administered by inhalation, making them reasonable alternatives when iNO is not available. Like iNO, these drugs have rapid onset of action with short half-lives and have potent vasodilator properties on the pulmonary circulation. Inhaled epoprostenol has been used successfully to manage patients with RV failure after cardiac surgery and to improve gastric mucosal pH in septic patients with PH. 55, 56 Phosphodiesterase type 5 (PDE5) inhibitors are effective pulmonary vasodilators that reduce pulmonary vascular tone by inhibiting the metabolism of cGMP. Interesting studies in animal models of PH suggest that they can also improve contractility in the setting of RV hypertrophy, 57 but little is known about their use in critical illness. The PDE5 inhibitors should be used cautiously in septic patients with PAH and any patient who is hemodynamically unstable because of their systemic hypotensive effects and extended half-life. The considerably shorter half-life of sildenafil, compared to tadalafil, makes it the drug of choice if PDE5 inhibitors are considered. An intravenous form of sildenafil is also available if the enteral route cannot be used.
The use of other currently available pulmonary vasodilators, such as the endothelin receptor antagonists and the recently approved soluble guanylate cyclase stimulator riociguat, should probably be avoided in the septic patient with PAH unless the patient was taking these medications prior to becoming septic. Endothelin receptor antagonists have less acute pulmonary hemodynamic effects and greater potential to affect liver function and the metabolism of other drugs. Riociguat is a soluble guanylate cyclase stimulator and may have significant systemic vasodilator effects, especially under conditions such as sepsis where endogenous NO production may be increased. Calcium channel blockers should also be avoided because they have negative inotropic effects and have been shown to increase RV stroke work index. 58
MECHANICAL SUPPORT
When medical therapy for acute RV failure in the ICU is ineffective, mechanical support may be considered. Extracorporeal life support, specifically veno-venous and veno-arterial extracorporeal membrane oxygenation have been used in PAH patients as a bridge to endarterectomy or lung transplantation, and recent reports have described their use to support patients with PAH through critical illness. 59 The use of extracorporeal life support in the critically ill patient with PAH is described in a later section of this issue of Advances in Pulmonary Hypertension.
CONCLUSION
The management of sepsis in patients with PAH is challenging. The limited ability of the RV to augment cardiac output in the PAH patient makes it difficult to compensate for vasodilatory shock. There must be careful assessment of intravascular volume and vasoactive drugs should be used judiciously. One must weigh the risk:benefit ratio of initiating a pulmonary vasodilator to augment the RV and reduce PVR with its potential effects on systemic hemodynamics. Lastly, mechanical ventilation should be avoided as much as possible given how small shifts in intrathoracic pressure can dramatically affect PVR and CO. 
